Introduction
Stone columns are widely applied in treating soft soils. The effectiveness of the treatment method is evidenced through the increase in bearing capacity and the reduction of compressibility of the treated ground. Most of the stone columns are constructed with the toe rested on the hard stratum which termed as end bearing columns, but occasionally floating stone columns are built with toe terminated at non-bearing stratum [1] . In soft soil treatment, when a stone column is axially loaded, it bulges and mobilizes passive soil resistance. The higher the initial horizontal stress state, the higher the passive soil resistance to prevent the column from bulging [2] . This failure mode can be seen in the end bearing column or when the column length is more than four times its diameter [3] or else the punching mode will prevail [4] .
There are a few numbers of researchers who have derived the ultimate load for single stone column based on bulging failure mode [5] [6] [7] [8] . Founded on the plasticity theory, Hughes et al. [9] applied the cylindrical cavity expansion theory as used in pressuremeter to estimate the ultimate bearing capacity of a column:
(1)
where φ c ′ is friction angle for column material, σ ro is the in situ radial stress, c u is the undrained shear strength of the soil. The approach is similar to Gibson and Anderson [10] and Vesic [11] . Based on a friction angle of 50° for the column material and Rankine passive pressure theory, Wissmann [8] , suggested that the ultimate bearing capacity of geopier can be predicted with:
where σ v ′ is the effective vertical stress. Mitchell [12] proposed a simple method based on Vesic's cavity theory to predict the ultimate capacity of single stone column:
where N is the bearing capacity factor. Mitchell suggested a value for N of 25 to be used. Based on the back calculation of field test, Barksdale and Bachus [4] found the N value to vary from 18 to 22, depending on the plasticity index and stiffness of the surrounding soil. Bergado and Lam [13] recommended the value of 15-18 for stone column in soft Bangkok clay. Datye and Madhav [14] reported the N value to be generally above 50. Stuedlein and Holtz [15] reported a series of full-scale footing load tests conducted to evaluate the effect of aggregate gradation, column length, and compaction method for single stone column. It was found that the differences in compaction methods either vibration or tamping did not produce large differences in the ultimate bearing capacity and the value was controlled by the inherent variability in the stiffness and strength of the surrounding soils. On the other hand, White et al. [16] showed the tamping method would produce stiffer columns with higher friction angle, thus resulted in higher bearing capacity than that obtained with vibration method. Herle et al. [17] demonstrated the importance of maximum densification for the construction of the stone column. The literature has shown stone column friction angle can vary from 35° to 52° [6, 18, 19] .
In spite of technological advances in column construction, accurate prediction in bearing capacity of the single stone column still remain a challenge. Thus, to enhance the understanding of the performance of the single stone column, this paper aims to investigate the bearing capacity of the single stone column in homogenous soil layer using numerical approach. Three-dimensional (3D) finite element modelling was carried out with associated flow rules adopted for the stone column material to take into account the dilatancy behaviour of compacted stone columns. The influence of compaction effort in terms of the different friction angle of stone column material was investigated for very soft to soft clay condition represented by different undrained shear strength. The results of this numerical study were compared against the analytical approach and the field recorded measurement.
Numerical model and analysis
Three-dimensional numerical analysis was carried out using commercial geotechnical software PLAXIS 3D. Figure 1 shows the numerical model for the study. Stone column diameter, d of 1.0 m was installed in the soft clay. The column length is determined to be 5.0 m. The horizontal and vertical boundary were set to be far enough to have caused no influence on the numerical results. A rigid footing of the same diameter as the stone
column was placed on the column head. In this study, both stone column and soft soil were modelled as Mohr Coulomb (MC) soil model. Material properties are shown in Tables 1 and 2 for a series of tests. The undrained strength of the soft soil, C u varied from 5 to 40 kPa and the effective friction angle for the column material, φ c ′ varied from 35° to 50°. Associated flow rules were adopted for column material where the dilation angle, is taken to be φ c ′ − 30°. The Young's modulus of the surrounding soil, E s is determined to be 150 times the undrained shear strength. The modular ratio, m = E c /E s is taken as 10-40 which is within the typical range; where E c is the Young's modulus of column material. Initial stresses were generated by K o procedure with the proposed value of lateral earth pressure, K = 1.0 for both the column and the soil reflecting wish-in-place approach was adopted in the model. The staged construction with the prescribed displacement approach was adopted to obtain the load that has caused the footing to deform 0.2 m vertically. Thus, the ultimate bearing capacity in this study is determined to be the pressure that has caused 20% strain relative to the column diameter.
Failure mechanism
In the analysis, the case with C u of 5 kN/m 2 , E c /E s of 10 and φ c ′ = 35° is taken as the base case. Figure 2 shows the failure mechanism in the base case. Bulging is observed, and the maximum lateral displacement occurred at about one column diameter below the ground surface. Similar observation on a field load test was also being made by Bergado and Lam [13] . The bulging is noticed up to the depth of 3.5d. The toe penetration of the column is insignificant. A similar observation was made by Wehr [20] . Figure 2c shows the yielding occurred in the column as well as the surrounding soil. Radial expansion of upper column has resulted in the plastic zone up to 1d. Beyond that, the soil is still in the elastic state. It can be postulated that the ultimate bearing capacity of the column is solely derived through the maximum radial reaction or the confinement.
The load transfer mechanism is changed from the bulging in the upper column to a combination mode where bulging and punching failure take place at the same time as shown in the case with the higher friction angle of column i.e. φ c ′ = 50° (Fig. 3) . All other parameters remain the same as in the base case. Higher friction angle allows more loads to be transferred down to a deeper depth. Thus, the bearing capacity of the column is derived from both the radial expansion and the end resistance. It can be further deduced that the column length of 4 to 5 times the column diameter may not be the optimum length if the friction angle of the column is high even though the surrounding soil is very soft. Figure 4 shows that there is not much difference in the failure mechanism when the undrained shear strength of the surrounding soil is increased to C u = 40 kN/m 2 while the other parameters remain the same as in the base case. However, when the C u is 40 kN/m 2 and the φ c ′ is altered to a higher value i.e. 50°, then the radial expansion is more prominent than the case with lower C u and lower φ c ′ as shown in Fig. 5 , compared to Fig. 3 . There is more yielding around the column, but less toe penetration and less yielding below the toe. Another finding in this study is that the modular ratio does not play an important role in governing the failure mechanism and thus the results due to the changes in the modular ratio are not shown here. (Fig. 8) , it is clearly seen that the influence of modular ratio is small and can be ignored especially when the modular ratio is larger than 20. Similar results are obtained in Ng and Tan [21] where unit cell model was used to simulate infinite column grid.
Bearing capacity results

Load
From the results of Fig. 7a and in view of negligible influence of the modular ratio, the relationship of the ultimate bearing capacity, the undrained shear strength of the surrounding soil and the friction angle of the column can be written as:
Comparison was made against Eqs. (1) and (2) developed by Hughes et al. [9] and Wissmann [8] respectively as shown in Fig. 9 . The friction angle of the column material was taken as 50 o . It was found that the above relationship produces higher ultimate bearing capacity compared to Hughes et al. [9] but lower than that by Wissmann [8] .
Further comparisons were made with field measurements from the single column load test as shown in Fig. 10 . The results of the present study lied between the field measurements. However, the testing conditions for each testing are different. For instance, the footing embedment depth for Datye and Madhav [14] was 1.0 m while it was 0.61 m in Studlein and Holtz [15] and 0 m for Bergado and Lam [13] . Assumptions were made to the friction angle of column when the information is not available.
Conclusion
Three-dimensional numerical analysis was carried to evaluate the performance of a single stone column in term of its bearing capacity. The conclusions that can be drawn from this study include: 1. Bulging or combination of bulging and punching can happen to the single stone column having the same length. The failure modes are influenced by the value of column's friction angle and not much by the shear strength of the surrounding soil and the modular ratio. 2. The ultimate bearing capacity of the single stone column is influenced by the column's friction angle and the undrained shear strength of the surrounding soil. The effect of modular ratio is small and can be ignored, especially when E c /E s is larger than 20. 3. Strain hardening behavior is noticed with no distinct peak strength. 
